Introduction
THz spectrum combines some of the advantages of both the microwave and infrared (IR) spectra, providing coverage in IR-blind conditions while offering higher bandwidth and resolution than microwave frequencies. However, THz regime remains to be the most immature part of the electromagnetic spectrum. In particular, the lack of high performance and low-cost THz power source is one of the most challenging issues of THz research. Existing THz source technologies are in-efficient, limited in output power, and expensive. In this paper, we introduce a new idea on thermal radiation based THz source utilizing EM crystals (also known as electromagnetic band gap structures, or EBG). Preliminary theoretical and experimental results are reported and give promising indications that carefully designed EM crystal thermal radiators may be useful in thermal imaging and identification applications and enable a new type of low cost and high performance THz source.
Electromagnetic Crystals as Thermal Radiators
Artificially engineered EBG materials consist of periodic dielectric and/or metallic structures. Three-dimensional EBG structures can be designed to create frequency bands within which the propagation of electromagnetic waves is forbidden irrespective of the propagation direction in space (true 3D band gaps).
Besides controlling and manipulating the propagation of electromagnetic waves through wave-crystal interactions, EBG structures can also be used to alter and tailor electromagnetic processes such as the emission and detection of radiation. The thermal power radiated by a normal blackbody at temperature T within the frequency range f to (f+df) per unit volume is well defined by the free space Planck's equation [1] . To the first order (assuming ideal coupling to the external environment), thermal radiation emitted by an object has a linear relationship with its photon DOS. Thus, the idea of modifying the normal blackbody DOS with a 3D EBG arises naturally, following the general rule of thumb that the presence of a complete EBG over a band of frequencies usually means a drastic redistribution of the photon DOS into different frequency regions [2] .
Because of its relatively simple geometry and the ease of fabrication, silicon woodpile structure (WPS) was selected for our initial study. Silicon WPS with a band gap around 200 GHz was designed. Fig. 1 shows the designed WPS, which consists of a unit cell of 4 layers of square rods stacked with a periodicity D [3] . The band diagram and photon DOS of the silicon WPS in Fig. 1 was calculated first by using the MIT MPB code [4] and then verified by Ansoft HFSS Eigensolver [5] , which is shown in Fig. 2 . Notice that there is a complete band gap around the normalized frequency 0.6 and the DOS is zero within the gap. Thermal radiation intensity was then calculated using Eq. (1) and compared with the normal Planck distribution in Fig. 3 . The plot in Fig. 3 explicitly shows a complete EBG from around 190GHz to 220GHz within which no thermal energy is radiated. One way to interpret this effect is that, the portion of forbidden energy is shifted to other frequency range and leads to radiation peaks around 270GHz and 300GHz. Enhancement factor could be up to 9.6 at the latter peak, which means more than 860% power output over normal blackbody radiation.
Experimental Study of a Silicon WPS
To verify our design, a silicon woodpile with a 200 GHz band gap was fabricated using a simple but robust mechanical layer-by-layer dicing process [6] . A series of grooves were cut into both the front and back faces of a high resistivity silicon wafer by using a diamond dicing saw. The depth of the cut was set so as to open a window at the crossing point of the cuts, but leaving the array joined at the crossing points of the resulting bars. Each wafer made up one half of the WPS unit cell shown in Fig. 1 Preliminary thermal radiation measurements were also carried out by using a Beckman FS-720 Fourier Transform Spectrometer (FTS). The FTS uses a scanning Michelson interferometer to transform the incoming radiation into amplitude-modulated signal whose modulation frequencies are the scaled-down frequencies of the original signal and typically fall in the range of 0 to 50 KHz. These modulation frequencies are detected and recorded as an interferogram. The original spectrum is then recovered by Fourier transformation. The experimental setup is shown in Fig. 6 . The silicon WPS with an EBG around 200 GHz is used as the source, replacing the usual mercury lamp source. For comparison purpose, a radiation-absorption-material (RAM) sample with the same form factor as the WPS was also measured. The RAM has a high absorption coefficient from 160 to 600 GHz, emulating a blackbody radiator. Fig. 7 plots the comparison (ratio, or the enhancement factor) of the measured thermal emission spectra of the WPS sample and the RAM sample from 150 to 600 GHz. The result does show evidence of a band gap from 192 -220 GHz and enhancement of the WPS over the RAM thermal emission at the band edges. However, improved FTS sensitivity at the low frequency range is necessary to be able to quantitatively compare the measured results to the theoretical predictions.
Conclusions
Large enhancement over normal blackbody radiation may be achieved due to the redistribution of photon density of states from the EBG effect. Design and fabrication of a silicon woodpile structure were accomplished. The WPS sample was characterized by a vector network analyzer and the results agree very well with simulation. Preliminary thermal emission measurements were also done. Future theoretical and experimental work may lead to a promising new type of high quality and low cost THz source as well as better understanding of the physics underlying EM crystal thermal radiation. 
